To provide serviceability of joints of pipelines produced using flash butt welding (FBW) alongside with the condition of strength the requirement to impact toughness KCV is set forth. Its level is established according to the requirements to the joints produced using arc welding methods, for which the probability of appearance of crack-like defects in them is peculiar. Absence of even preconditions to formation of cracks in the FB-welded joints allows initiating the review of requirements to impact toughness. As the standard level the KCV value is offered, which is reliably provided at optimum mode of FBW performance. The sufficiency of such KCV level is proved by reliable many-years practice in operation of different-purpose pipelines without fractures, including main pipelines of large diameter (up to 1420 mm). For the given KCV value at the working circumferential stresses in the pipeline and axial ones equal to half of their value, the critical sizes of hypothetic through longitudinal and circumferential cracks are calculated. Their sufficient sizes prove in appropriateness of such approach. 20 Ref., 3 Figures.
The main condition for serviceability of welded joints is the assurance of their strength, which is confirmed by the results of tensile tests of standard smooth (without stress concentrator) specimens, when fracture stress σ f reaches ultimate strength σ t :
( 1) Except of condition (1) it is necessary also to guarantee the specified margin of toughness of metal to prevent fractures connected with possible formation of defects and fractures in welded joints. The required fracture toughness of metal depends on the type and size of a defect. The principal significance belongs to the sharpness of concentrator. If a defect is close to a crack-like one, then to eliminate cracking it is most perspective to use criteria of fracture mechanics, which reflect the ability of metal with a crack to plastic deformation without fracture initiating. Thus, the fracture mechanics allows reasonably evaluate the required level of fracture toughness, providing the serviceability of welded joints with crack-like defects of a certain size.
At the present time to establish the requirements to fracture toughness, the impact toughness KCV is used determined on the standard specimens with sharp notch, the radius of top of which is equal to 0.25 mm. This method found wide practical application due to the fact that quality relation between KCV value and character of fracture of ship-building steel (initiation of crack, its development and arresting) was established [1] .
Later in the former USSR the requirements to pipe steels according to KCV values were introduced, which resulted in considerable reduction of fractures of pipelines manufactured of the best for that time low-alloyed steel 17G1S and its modifications [2] . Here, to provide the necessary level of impact toughness of metal of pipes of large diameter (> 620 mm) the transition to the new technology of manufacture of metal, i.e. controllable rolling, which obtained its large development abroad [3, 4] , was required. And finally with the progress of fracture mechanics [5, 6] the impact toughness obtained some theoretical grounds for formation of requirements to the steel and welded joints according to KCV value with the purpose of elimination of fractures connected with crack-like defects.
From the given examples of use of impact toughness in practice it becomes obvious that the acceptable evaluation of toughness of metal fracture, suitable for prediction of serviceability of welded joints, can be obtained at the condition of proper grounds (theoretical, experimental or practical experience of service). However, today the impact toughness became so customary in practice that it started to be used without correcting of KCV values depending on the applied technology of pipe welding and type of occurring defects. Moreover, the KCV values are used, established for electric arc methods of welding, for which the probability of formation of crack-like defects is high. It relates also for high-efficient automatic flash butt welding (FBW). At the same time, as was noted [7, 8] , in the joints, made by FBW, there is no physical preconditions to formation of crack-like defects due to their formation without molten metal forced out from the fusion zone during upsetting. It is proved by non-destructive testing methods of welded joints (X-ray, ultrasonic) [9, 10] allowing detecting cracks with a high probability and also comprehensive investigations of quality of joints produced using FBW and reliable many-year practice of operation of great number of pipelines, including also those of a large diameter (1420 mm) [11] .
It is a very important and principal moment, which allows putting a task for review of the requirements to impact toughness of joints produced by FBW. Moreover, today the requirements for arc-welded joints are used, for which cracks are the sufficiently obvious defect. These requirements without grounds are transferred to the joints produced by FBW.
The typical «defects» in the joining zone (JZ) in FBW at optimal modes, which were established experimentally according to the conditions of providing strength of joints and absence of inadmissible defects (decreasing strength by more than 5 %), are the zones of area of about 30 mm 2 with increased content of non-metallic inclusions similar by their composition to nonmetallic inclusions of the similar zones in the metal of pipes being its heritage in fact ( Figure 1 ) [12] . They are namely classified as the local structural heterogeneity (LSH).
The aim of this work is investigation of influence of LSH in welded joints of pipes on their mechanical properties and selection of grounded principle of formation of requirements to impact toughness of joints produced using FBW, which do not contain cracks.
Evaluation of mechanical properties of welded joints was carried out on a great number of fullscale pipes of 920-1420 mm diameter with wall thickness of 15.7-27 mm thickness of X60-X70 class of strength, produced at the optimal modes under the conditions of industrial production during construction of main pipelines and also at the testing area of the E.O. Paton Electric Welding Institute. For this purpose, the sections of plates of low-carbon low-alloyed pipe steels of modern production of up to 27 mm thickness of different classes of strength, including X80, were welded under the laboratory conditions.
The mechanical tests for rupture and impact bending, to which more than 60 butts of different pipes in the as-welded state were subjected, were carried out on standard specimens of welded joints in accordance with the requirements of API 1104 (USA) [13] and SP 105-34-96 (RF) [14] . All the specimens, tested for rupture, were fractured across the base metal ( Figure 2) . The values of their strength, in spite of a high probability of presence of separate LSH areas in JZ, met the condition of strength (1) . It was proved also by the results of tests of large-scale sectors of 300-500 mm elongation along the welded joint, cut out of pipes of large diameter with the specially produced areas, similar to LSH, in JZ of 10-70 mm 2 area [15] . The testing of large-scale sectors of pipes with such defects was carried out both at room temperature and also at -60 °C.
It was established that the test results on strength do not depend on structural heterogeneity of metal of pipes being welded, as a result of which LSH areas appear in the joints. For example, the joints of pipes with clearly expressed banding of metal, not less than 5 scale numbers (according to GOST 5640-68), i.e. the joints with the highest probability of formation of LSH areas in JZ showed the results meeting condition (1) as well as the joints of pipes, the metal of which had a lower banding (3-4 scale numbers).
The absence of influence of LSH on strength of joints, made by FBW, can be predetermined by the following. LSH does not create local critical stresses, which could lower the fracture stresses [16] . Besides, narrow JZ in FBW is ductile, it has the lowered strength as compared to the surrounding metal, however, it is located between the massive areas of heat-hardened metal. In loading due to contact hardening the mechanical properties of JZ are increased to the level of neighboring areas, which results in restricting the growth of deformations and manifesting of LSH. It should be also taken into account that probability of manifesting of LSH area in welded joint depends not only on properties of this single area, but also on neighboring ones [17] . It can be reflected by double integral from the function of stresses σ(x, y) of two variables, spread to the area S of JZ with LSH:
where ds is the element of area; S is the area of integration. It represents the averaged total force F in JZ over the area of integration:
For convenience of practical application, formula (2) can be presented in Cartesian coordinates:
where dxdy is the element of area.
Dependence (4) can be expressed in the form of repeated integrals:
where a-b and c-d are the boundaries of integration, respectively along and across JZ. The given data and the earlier performed investigations [8, 18] show that today requirements to impact toughness of joints, produced by FBW, are groundlessly overstated and need correcting. As far as in these welded joints the cracks are absent, then as the basis of the requirements to them the level of impact toughness should be taken, which is stably provided in FBW performed at optimum mode. The average KCV value of joints produced using FBW which are not subjected to heat treatment is equal to 20 J/cm 2 at testing temperature of 20 °C. To prove the sufficiency of such KCV level, let us evaluate the critical sizes of hypothetical cracks (longitudinal and circumferential) in the pipeline of ∅1420 × 15.7 mm. For this purpose let us use the generalized correlation dependence between impact toughness KCV and critical values of stress intensity factor K 1c established in work [6] . This dependence based on the results of tests of great number of welded joints and steels of different classes with the yield strength of 200-1700 MPa and has the following form:
where E is the elasticity modulus, MPa; ν is the Poisson coefficient; KCV is the impact toughness determined on the standard specimen with a sharp notch (Charpy), J/cm 2 . The results of K 1c calculations (formula(6)) according to KCV values for pipe steels and their welded joints are given in Figure 3 .
The formula for determination of critical size of hypothetic through longitudinal crack of 2l length in the closed cylindrical shell depending on fracture toughness of metal K 1c , circumferential stress σ θ determined by inner pressure P, pipe radius R and thickness of its wall l (σ θ = = PR/t), can be written as follows [19] : According to formula (7) the critical size of hypothetic through longitudinal crack in the pipeline of 1420 mm diameter with the wall thickness of 15.7 mm at circumferential stress in the pipe wall determined by the inner pressure σ θ = = 316 MPa which amounts to 0.7σ y and fracture toughness K 1c = 84.6 MPa√ ⎯⎯ m , established according to KCV = 20 J/cm 2 (formula (6)) (see Figure 3) , is equal to 42.84 mm.
In the underground pipelines alongside with the main circumferential stress σ θ the axial stresses σ z also arise, which are not subjected to accurate calculation. They can be both tensile as well as compressive ones [2, 20] . In this case a great significance belongs to the temperature conditions of closing the main pipeline (welding of the last circumferential butt). Besides, the axial stresses σ z are significantly influenced by the properties of soil, determining the level of jamming of pipeline, and also the presence of preweights, compensators and devices of water cooling. Therefore, for evaluation of critical size of hypothetic through circumferential crack in the circumferential butt, made by FBW, we supposed that σ z = 0.5σ θ .
The limited state of pipeline with such a crack is expressed as follows [19] :
The function f th.c (ξ) was numerically determined similarly to f th.l (ξ) (7) . Thus, at 0 < ξ ≤ ≤ 7.71 f th.c (ξ) = 1.00171 + 1. For the same parameters of pipeline (diameter, wall thickness, stress intensity factor), for which the critical size of longitudinal crack at axial stress σ z = 158 MPa, the critical size of hypothetic through circumferential cracks in the circumferential butt, made by FBW, amounts to 155.1 mm.
Such established critical sizes of hypothetic through longitudinal and circumferential cracks explain a reliable (without fractures) service of main pipelines, manufactured using high-efficient FBW technology, observed during many years.
Conclusions
1. To prevent fractures connected with possible formation of technological defects in welded joints, the values of impact toughness (KCV), established on the standard specimens with a sharp notch, found the wide spreading.
2. The acceptable evaluation of impact toughness, suitable for prediction of the serviceability of welded joints, is given by KCV only at the condition of proper grounds (theoretic, experimental, practical experience of service).
3. To the joints, made by FBW, at the formation of which even physical preconditions to cracks formation (molten metal is forced out from the joint zone during upsetting) do not arise, today the requirement is also set forth to provide impact toughness at the level of welded joints produced using arc methods, for which the probability of cracks formation is peculiar.
4. For the joints, produced by FBW, as a standard KCV value it is most rationally to use the value, which is reliably provided at the optimal mode of welding. In the pipelines of large diameter it amounts to 20 J/cm 2 at 20 °C test temperature.
5. As the calculations showed, such level of impact toughness provides critical sizes of hy- pothetic through longitudinal and circumferential cracks in the pipeline of 1420 mm diameter for detection of critical sizes at working circumferential stress σ θ = 0.7σ y and axial σ z = 0.5σ θ . The length of longitudinal crack amounts to 42.84 and circumferential one is 155.1 mm.
6. The results of calculation allow meaningfully changing the attitude to the selection of KCV value for the joints, made by FBW, which will facilitate the wider application of the advanced high-efficient technology.
